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Efficacy of THN102 (a combination of modafinil and flecainide)
on vigilance and cognition during 40-hour total sleep
deprivation in healthy subjects: Glial connexins as a
therapeutic target
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Aims: THN102 is a novel combination of modafinil and low-dose flecainide,
targeting glial connexin activity to modulate modafinil effects. We investigated
THN102 efficacy compared to modafinil and to placebo on vigilance and cognitive
function during 40-hour total sleep deprivation (TSD).

Methods: Twenty healthy men participated in a double-blind, randomized,
incomplete-block 3-period cross-over trial with 5 treatments (n = 12 per group): pla-
cebo (PBO), modafinil 100 mg (MOD100), THN102 100/1, 100/3, 100/9 (modafinil
100 mg and flecainide 1, 3 or 9 mg). Each period included a baseline day and a TSD
day with treatments administered 3 times (01:00, 09:00 and 19:00). Reaction time
in psychomotor vigilance test, subjective somnolence and vital signs were assessed
before and during treatment. Working memory (2-Back) and executive processes
(Go/noGo for vigilance and inhibition, Wisconsin card sorting task for mental flexibil-
ity, and Tower of London test for planning) were evaluated at 16:30.

Results: At 5 hours postdose-1 (after 23 hours TSD, primary endpoint), THN102
100/1 resulted in statistically higher psychomotor vigilance test speed vs MOD100
(3.97 £ 0.09 vs 3.74 + 0.14, P < .05). No increase in effect was observed with higher
flecainide doses in combinations. Most THN102 doses vs MOD100 also improved
the number of correct responses in 2-Back and Go errors in Go/noGo (P < .05 for
all doses), and perseverative responses in Wisconsin card sorting task (for 100/1
and 100/9). No impact on cardiac conduction was noted with THN102, and safety
was similar to MOD100.
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1 | INTRODUCTION

Modafinil is a nonamphetaminic wake-promoting compound indicated
in the USA for the treatment of excessive daytime sleepiness (EDS) in
narcolepsy,'? obstructive sleep apnea® and shift work disorder.* Addi-
tionally, modafinil has been recommended to alleviate EDS in
Parkinson's disease® and during prolonged military operations for vig-
ilance and cognitive performance.®1° Modafinil has demonstrated
efficacy on vigilance, attention, executive processes and memory dur-
ing experimental protocols of sleep deprivation.**"*® However, it is
estimated that 50-70% of the narcoleptic patients still experience
EDS despite psychostimulants and notably modafinil use.!**> Mean-
while, narcoleptic patients complain of attention deficit, with altered
executive processes and memory, despite treatments.1¢

The wake-promoting mechanism of action of modafinil remains
unclear, as it has been proposed to act on several neuronal circuits,
including through increases in dopamine levels (inhibition of dopamine
transporter).”” Moreover, modafinil has been recently demonstrated
to act as a cellular-coupling enhancer in astrocytes, through the mod-
ulation of gap junctions constituted by connexins.'® In particular,
astroglial connexins are involved in sleep and homeostasis regula-

18,19

tion, as sleep deprivation and subsequent sleep rebound modify

2021 and are

their expression and their inhibition causes sleep loss,
more largely involved in neuronal modulation.?? In addition, an
astroglial connexin modulator, flecainide,?® has been shown to signifi-
cantly enhance the wake-promoting and procognitive effects of
modafinil in nonclinical models.?* Modafinil effects on astroglial cell
coupling mediated by connexin 30 were reversed by flecainide.?* Alto-
gether, these results indicate that low-dose flecainide improved the
wake-promoting and procognitive functions of modafinil, probably
through the changes of connexin-dependent gap junctional coupling
in astroglial networks. Non-clinical studies in rat indicated that
THN102 significantly increased regional brain glucose metabolism in
the cortex, striatum and amygdala compared to control or drugs
administered alone.?’

The present study aims to evaluate the effect of the combination
of modafinil and flecainide low dose, namely THN102, as a clinical
proof of concept of its efficacy on vigilance and cognition. The primary
objective was to investigate the efficacy of THN102 (modafinil
100 mg + flecainide low dose 1, 3 or 9 mg) compared to modafinil
alone for improving sustained attention during a 40-hour total sleep
deprivation (TSD) protocol in healthy subjects, using the psychomotor

vigilance test (PVT). Secondary objectives were to assess safety and

THN102 seems more efficient than modafinil on vigilance, working
memory and executive functions, opening new perspectives in management of

hypersomnolence disorders.

executive function, flecainide, modafinil, psychomotor vigilance task, safety, sleep deprivation,

sustained attention, working memory

impact of treatment with THN102 on working memory and executive

processes compared to placebo and modafinil alone.

2 | METHODS

2.1 | Subjects

Twenty healthy male subjects, age range 20-40 years, with body mass
index <30 kg/m?, were included in the study. Subjects were screened
with their medical and psychiatric history, they underwent a physical
examination, electrocardiography evaluations and laboratory tests
(haematology, clinical chemistry, urinalysis). Subjects were not shift
workers and had not travelled between time zones within 14 days
prior to the study.

Exclusion criteria included physical or mental health troubles based
on: (i) Hospital Anxiety and Depression scale >162%; (i) significant
medical history; (i) Epworth Sleepiness Scale, >11%7; (iv) Pittsburgh
sleep quality index >8; (v) Horne & Ostberg morningness-eveningness
questionnaire <31 or > 692%; (vi) habitual time in bed per night
<6 hours.

The study received the agreement of the Cochin—CPP lle de
France 1 (Paris) Ethics Committee and of the French National Agency
for Medicines and Health Products Safety (EudraCT 2015-001927-
21, NCT03182413). It was conducted according to the principles
expressed in the Declaration of Helsinki of 1975, as revised in 2001

after obtaining written informed consent from all the subjects.

2.1.1 | Study design

This was a single centre, double-blind, randomized, incomplete-block
cross-over trial, placebo and modafinil-controlled study, with 5 treat-
ments given over 3 periods in the sleep laboratory in Hospital Percy
(Clamart, France), with a 4-week washout between periods (see
Figure 1). Hence, every participant only takes part in 3 of 5 possible
conditions, during Periods |, Il and lll. The cross-over design selected
for this study was design No. 82° which allows balancing the
sequence between the subjects (1 sequence per subject). This is a
variance-balanced design, meaning that all pairwise treatment compar-
isons will be performed with the same precision. Each treatment is
given to 12 subjects. Compared to the gold standard consisting of a
full 5-treatment-5-period cross-over design involving 2 orthogonal

Latin squares, the efficiency of the design for the direct treatment
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comparison remains strong (83%). It is also suitable for detecting treat-
ment effects in the presence of a carry-over (68%).%° The 5 conditions
of treatments were: PBO (placebo_modafinil and placebo_flecainide),
MOD100 (modafinil 100 mg with placebo_flecainide)) THN102
100/1 (modafinil 100 mg + 1 mg flecainide), THN102 100/3 (modafinil
100 mg + 3 mg flecainide), THN102 100/9 (modafinil 100 mg + 9 mg
flecainide). Each subject received 3 of the 5 possible treatments
according to a unique sequence (one sequence per subject; Table 1).
Treatments were administered 3 times during each period; allocation
was balanced. Key protein targets and ligants in the article are
hyperlinked to corresponding entries in the http://www.
guidetopharmacology.org, the common portal for data from the
IUPHAR/BPS guide to pharmacology.

All substances were administered double-blind so that neither the
volunteers nor the investigators nor sponsor were aware of the condi-
tions until database lock after the completion of the final run of the
study and final data review. An emergency procedure of unblinding
had been created for a potential major undesirable effect.

Each study period included a 4-day hospitalization (see Table 2): (i)
habituation/training day (D -1); (ii) baseline day (DO); (iii) TSD for
40 hours beginning on DO at 7:00 until D1 at 23:00 and treatment
day with 3 oral doses at 01:00, 09:00 and 19:00 (D1); (iv) recovery
day starting after a night of sleep (D2).

An end-of-study visit was planned 8 days after the end of the last
study period (Period lll) with complete physical examination and labo-

ratory safety.

2.1.2 | Procedures

The PVT (speed), vital signs (sitting blood pressure, heart rate), visual
analogue scale (VAS) for somnolence and intensity of key gastrointes-
tinal and central nervous system symptoms, blood pressure and elec-
trocardiography (ECG) were assessed at baseline (DO), before first
dose, and 9 times after first dose. Executive function parameters were
compared at similar timing (i.e. at 16:30 during D1 [15.5 hours after
the beginning of treatment] vs DO). Executive function tests included
working memory (2-back), planning (Tower of London, Tol),
mental flexibility (Wisconsin card sorting test, WCST) and inhibition
(Go/noGo).

During all the periods in the sleep laboratory, including the tests,
electroencephalogram, electrooculography, electromyography and
ECG were continuously recorded (Actiwave, CamNtech Ltd England).
Polysomnography data were scored by 2 trained technicians in accor-
dance with AASM Manual for the Scoring of Sleep and Associated
Events (2007) criteria using Somnologica software (Medcare,
Reykjavik, Iceland) to confirm that all subject stayed awake during

the 40-hours continuous wakefulness period (see Table 2).

2.1.3 | Measurements

PVT
We utilized a computer-based version of the 10-minute PVT.3? Sub-

jects were instructed to monitor a red rectangular box on the
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What is already known about this subject
e THN102 is a combination of modafinil and low-dose

flecainide targeting neuroglial interaction.

e |t improved wakefulness and cognition compared to

modafinil alone in animal models.

What this study adds
e THN102 is superior to modafinil alone and placebo in

vigilance performance in sleep-deprived healthy men.

e THN102 improves working memory and executive

functions in sleep-deprived healthy men.

e The enhancement of alertness and cognitive outcomes
with THN102 opens new clinical perspectives.

e THN102 may have clinical interest in improving attention
and cognitive deficits associated with hypersomnolence
disorders.

computer screen and press a response button as soon as a yellow
stimulus counter appeared on the screen, which displayed the reaction
time (RT) in milliseconds for a 1-second period. The interstimulus
interval, defined as the period between the last response and the
appearance of the next stimulus, varied randomly from 2 to 10 sec-
onds. PVT response was regarded valid if RT was >100 ms. The
PVT speed was expressed as (1/reaction time x 1000). The ratios of
speeds (each timepoint over timepoint O; Baseline) for THN vs MOD
and vs PBO treatments were statistically analysed. Comparison
between mean reaction speeds (mean of 1/RTs) was considered as pri-
mary endpoint of this study at 5 hours postdose 1; mean speed was
also assessed at 11 other timepoints.>2

Executive function tests
Tests were computed on PEBL test Battery.33

Working memory was assessed using a 10-minute visual 2-back
task.3* In this task, the subject has to constantly keep in memory the
last 2 letters of a random sequence. One new random n letter of the
sequence was presented to the subject every 4 seconds and the
subject has to respond should this letter correspond to the n—2
letter, with a requirement for rapid responses while maintaining
accuracy. Percentage of correct responses and mean response times
were computed.

In the inattention and impulsivity Go/noGo task® subjects were
required to watch a sequential presentation of letters and respond
to a target letter by pressing a button. A single letter (P or R) was pre-
sented for a duration of 500 ms with an interstimulus interval of
1500 ms. In the first condition (P-Go), participants had to press a but-
ton in response to the target letter P and withhold their response to
the nontarget letter R. The first condition consisted of 160 trials. A
second, reversal condition (R-Go), was then administered, and partici-

pants were required to make a response to the target letter R and
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Period | Period Il Period Il
PBO PBO
THN102 100/1 THN102 100/1

4-week
washout

Selection &
randomisation

n=20 n=20

End-of-
study visit

4-week
washout

THN102 100/9,

n =19 (one n=20
missed period,
reason
unrelated to
the study)

FIGURE 1 Trial design. Treatments were composed of placebo (PBO, placebo_modafinil and placebo_flecainide), modafinil 100 mg with
placebo_flecainide (MOD100) or with flecainide 1, 3 or 9 mg (THN102 100/1, THN102 100/3, THN102 100/9)

withhold their response to the nontarget letter P. Ratios of targets to
nontargets were 80:20 for both sequences. Performance of the task
was assessed by calculating errors of omission the Go letter and errors
of commission in noGo sequence.®®

The ToL test allows to assess planning aspects of executive func-
tion.3¢ Participants completed a 10-trial computerized version. Each
trial presented volunteers with a series of 3 pegs of differing lengths,
each with 3 different coloured beads arranged in randomly appearing
configurations upon the pegs. The examinee was required to rear-
range the beads so that the final configuration matched a prespecified
goal pattern. The goal was to complete the task in as few moves and

as quickly as possible. Dependent variables from this task included

TABLE 1 Treatment sequences in the 3-period trial

Subject P1 P2 P3

S111 MOD100 PBO THN 100/1
S115 MOD100 THN 100/1 PBO

S116 MOD100 THN 100/3 THN 100/9
$105 MOD100 THN 100/9 THN 100/3
5103 PBO MOD100 THN 100/9
S110 PBO THN 100/1 THN 100/3
S101 PBO THN 100/3 THN 100/1
S107 PBO THN 100/9 MOD100
S113 THN 100/1 MOD100 THN 100/3
$102 THN 100/1 PBO THN 100/9
S106 THN 100/1 THN 100/3 MOD100
$108 THN 100/1 THN 100/9 PBO

S118 THN 100/3 MOD100 PBO

S104 THN 100/3 PBO MOD100
S119 THN 100/3 THN 100/1 THN 100/9*
S112 THN 100/3 THN 100/9 THN 100/1
5109 THN 100/9 MOD100 THN 100/1
S117 THN 100/9 PBO THN 100/3
S114 THN 100/9 THN1 MOD100
$120 THN 100/9 THN3 PBO

*missing period.

the number of moves required to match the goal arrangement, and
the mean pickup time (ms; time to solve the problem).

Subjects also performed the WCST to assess flexibility in executive
function.3” The computer screen presented a deck of cards and 4 key
cards. The key cards each displayed a different design (4 cards with 1-
4 shapes in 4 different colours). The card deck contained 64 cards of
varying shapes, colours and numbers of shapes. Participants were told
to match each card from the deck to 1 of the 4 key cards. Once an
option was selected, the computer moved the card to a position just
below the associated key card. Without warning, the sorting principle
changed after the examinee had completed 10 consecutive correct
matches. The total number of errors, perseverative responses
(responses that follow a previously reinforced principle that is no lon-
ger correct) and perseverative errors (i.e. errors that follow a previ-
ously reinforced principle that is no longer correct), were calculated.

214 | VAS

In addition to spontaneously reported adverse events (AEs) the inten-
sity of 6 symptoms frequently associated with the use of
modafinil*?*®—headache, nausea, abdominal pain, dry mouth, somno-
lence and fatigue—were evaluated using a 100 mm VAS. Intensity
above 20 mm was considered as AE pattern. If observed after the

treatment administration, AE was considered as related to treatment.

2.2 | Statistical analysis

Statistical analyses were computed using SAS for the primary endpoint
and adverse events, and using R (version 3.3.1; 2016-06-21) for other
parameters. Values were expressed as mean * standard error.

The primary objective was to demonstrate the superiority of
THN102 vs MOD100 at the nadir time point (at 06:00 on Day 1,
5 hours after dose 1). The 06:00 hour corresponds to the highest
decrease of attentional performance, observed after 23 hours of sleep
deprivation, due to continuous awakening (sleep pressure) and the
nadir of circadian rhythm.**2374% With 20 evaluable subjects and
at least 57 evaluable periods (i.e. a maximum of 3 missed periods),
the study has at least 80% power to detect a significant difference

in the primary endpoint (mean difference in PVT speed at nadir) when
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TABLE 2 Time frame for each period

Time Cumulative Relatives hours

of sleep before and after
Day day deprivation (h) dose 1 (h) Events
-1 13:00 - - Arrival in the
laboratory, medical
examination
-1 23:00 - - Lights off—Baseline
sleep (8 h in bed)
07:00 O -18 Awake
10:00 3 -15 PVT, VAS, BP, ECG
16:30 9.5 -8.5 2-Back, ToL, WCST,
go/noGo (baseline)
0 23:30 16.5 -1 PVT, VAS, BP, ECG
(baseline)
1 01:00 18 0 Drug or placebo
(dose 1)
1 03:30 20.5 2.5 PVT, VAS, BP, ECG
1 06:00 23 5 PVT (primary
endpoint), VAS, BP,
ECG
1 08:00 25 7 PVT, VAS, BP, ECG
1 09:00 26 8 Drug or placebo
(dose 2)
1 10:00 27 9 PVT, VAS, BP, ECG
1 12:30 29.5 11.5 PVT, VAS, BP, ECG
1 15:30 32.5 14.5 PVT, VAS, BP, ECG
1 16:30 33.5 15.5 2-Back, TolL, WCST,
go/noGo
1 18:00 35 17 PVT, VAS, BP, ECG
1 19:00 36 18 Drug or placebo
(dose 3)
1 21:00 38 20 PVT, VAS, BP, ECG
1 23:00 40 22 Lights off—Recovery
sleep (8 h in bed)
2 07:00 - 30 Awake
2 10:00 - 33 PVT, VAS, BP, ECG
2 11:30 - 34.5 Discharge

PVT, psychomotor vigilance test; VAS, visual analogy scale (tolerance); BP,
(blood pressure); ECG, electrocardiogram. Executive function tasks are:
ToL, Tower of London test (executive function); WCST, Wisconsin card
sorting task (mental flexibility); Go/noGo, Go/noGo task (mental inhibi-
tion); 2-Back, 2-Back memory task.

comparisons are made at the unadjusted 2-sided 5% level. Powering
was made assuming an effect size equal to 1.3 and a true within-
subject standard error of 37.9 ms in reaction time in the PVT, as
reported for placebo treatment in our laboratory.3”#° PVT mean
speed was analysed at each time point separately using a mixed-effect
analysis of variance (ANOVA) model including fixed effects for
treatment and period, a random effect for subjects, and baseline value
(i.e. value observed at 23:30, DO) as a covariate (posthoc analysis).**2

As additional analysis, area under the curve (AUC) for PVT speed was
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calculated using the classical linear trapezoidal approach, for the first 9
and 20 hours of TSD (AUCq_g, AUCq_50). The same statistical model as
described above was used to analyse secondary endpoints (executive
function tests, safety). Descriptive statistics were calculated for line
analogue rating scales and for each treatment and time point. Data

are available on request from the corresponding author.
3 | RESULTS

Subjects

Twenty-three subjects were screened and 20 were included and ran-
domized, with a mean age of 28.9 + 5.6 years (range: 21-39 years),
a mean body weight of 72.3 + 8.5 kg (range: 55-92 kg) and body mass
index of 23.1 + 1.85 kg/m? (range: 19.5-26.2 kg/m?). One subject
(subject 119) participated in only 2 periods (reason unrelated to the
study) but was not considered as a drop out as he completed his
end-of-study visit. Overall, no drop out was observed. The emergency
unblinding procedure has never been used.

PVT speed, primary endpoint

No differences between treatments were observed at the baseline
point (23:30 in DO) and no differences between baselines of the 3
periods (absence of carryover). In the PBO group, PVT speed rapidly
decreased to early morning nadir observed at 06:00. During sleep dep-
rivation, we observed a higher PVT speed for THN102 100/1 vs
MOD100 at 5 hours postdose 1 (i.e. at 06:00, P < .05; Table 3;
Figure 2A).

Moreover, after THN102 100/1 treatment, PVT speed was higher
compared to PBO in 6 time-points (2.5, 5, 7, 11.5, 14.5 and 20 hours
postdose 1), while MOD100 was different from PBO at only 3 time-
points (5, 11.5 and 20 hours; Table 3).

Differences between THN102 doses (1, 3 or 9 mg of flecainide)
were not observed, at any time point, as well as no ordinal trend
effect. Overall, the results of the THN102 doses show a consistent
pattern above the performance with modafinil alone (Table 3).

Globally, THN102 100/1 was more efficient on PVT speed com-
pared to MOD100 during the first 9 hours of treatment (AUCq_o,
P < .05; Figure 2B).

Executive functions

MOD100 during sleep deprivation (D1) failed to restore basal level
(DO) in working memory (2-Back, Figure 3), mental flexibility (WCST,
Figure 4) and mental inhibition (Go/NoGo, Figure 4) vs PBO. Interest-
ingly, THN102 demonstrated significant improvements vs MOD100
and vs PBO in those processes (Figures 3 and 4). In particular, after
all THN102 doses we observed fewer GO errors and higher correct
responses in the 2-Back test (P < .05 for all). Perseverative errors in
the WCST were lower vs MOD100 and vs PBO for THN102 100/1



2628 BRITISH
PHARMACOLOGICAL:
SOCIETY

SAUVET ET AL.

TABLE 3 Comparisons between treatments for PVT mean speed (1/reaction time)— pharmacodynamic (PD) analysis set

Relative

hours before

and after

dose 1 (h)

-15h

0 (baseline)

25h

5 h (primary
endpoint)

7h
9h
11.5h
145 h
17 h
20 h
33h

Mean contrast with placebo (95%Cl)/P-value

Mean contrasts with modafinil (95% Cl)/P-value

THN102 100/9 -
PBO

1.01 (0.97-1.06)
1.03 (0.98-1.08)
1.05 (0.99-1.12)
1.06 (1.01-1.11)*

1.07 (1.02-1.12)*
1.05 (0.99-1.10)

1.10 (1.06-1.15)*
1.06 (0.10-1.12)

1.07 (1.01-1.14)
1.08 (1.03-1.14)*
1.05 (1.00-1.10)*

THN102 100/3 -
PBO

0.99 (0.94-1.03)
1.01 (0.96-1.06)
1.04 (0.98-1.11)
1.05 (1.01-1.10)*

1.028 (0.99-1.08)
1.02 (0.97-1.70)
1.07 (1.02-1.11)*
1.06 (1.00-1.12)*
1.01 (0.95-1.07)
1.03 (0.98-1.08)
1.03 (0.98-1.08)

THN102 100/1 -
PBO

0.98 (0.94-1.03)
1.00 (0.96-1.05)
1.08 (1.02-1.15)*
1.11 (1.06-1.16)*

1.06 (1.01-1.12)*
1.04 (0.98-1.09)
1.10 (1.05-1.15)*
1.08 (1.02-1.15)*
1.04 (0.98-1.11)
1.07 (1.02-1.12)*
1.05 (0.99-1.09)

MOD100 - PBO

0.98 (0.94-1.03)
1.00 (0.96-1.05)
1.03 (0.97-1.10)
1.06 (1.02-1.11)*

1.034 (0.99-1.09)
1.01 (0.96-1.06)
1.08 (1.03-1.12)*
1.06 (1.00-1.12)
1.04 (0.98-1.10)
1.05 (1.0-1.10)*

1.034 (0.99-1.09)

THN102 100/9 -
MOD100

1.03 (0.98-1.08)
1.03 (0.98-1.07)
1.02 (0.96-1.09)
1.00 (0.96-1.04)

1.03 (0.98-1.08)
1.03 (0.98-1.07)
1.03 (0.98-1.07)
1.00 (0.96-1.06)
1.08 (0.97-1.10)
1.03 (0.98-1.08)

1.02 (0.97-1.07)

THN102 100/3 -
MOD100

1.00 (0.96-1.05)
1.00 (0.96-1.05)
1.01 (0.95-1.07)
0.99 (0.95-1.04)

0.99 (0.94-1.04)
1.01 (0.96-1.06)
0.99 (0.95-1.04)

1.0 (0.96-1.06)
0.97 (0.91-1.03)
0.98 (0.93-1.03)
0.99 (0.95-1.04)

THN102 100/1 -
MOD100

1.00 (0.96-1.05)
1.00 (0.95-1.04)
1.05 (0.90-1.11)
1.05 (1.01-1.10)

1.02 (0.98-1.08)
1.02 (0.97-1.08)
1.02 (0.98-1.07)
1.03 (0.97-1.09)
1.01 (0.95-1.06)
1.02 (0.97-1.07)
1.01 (0.97-1.06)

Data were analysed at each time point separately using a mixed-effect ANOVA model including fixed effects for treatment and period, a random effect for
subjects, and baseline value (i.e. value observed at DO) as a covariate (posthoc analysis); and * bold values are signifiant différences P < 0.05.

Cl, confidence interval; PVT, psychomotor vigilance test.

Treatments are: PBO, placebo modafinil + placebo flecainide; MOD100, modafinil 100 mg + placebo flecainide; THN102 100/1, modafinil 100 mg + 1 mg
flecainide; THN102 100/3, modafinil 100 mg + 3 mg flecainide; and THN102 100/9, modafinil 100 mg + 9 mg flecainide. The data for treatments represent
12 subjects, except for THN102 100/9 that represent 11 subjects.
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FIGURE 2 Reaction time (RT, 1/RT * 1000) in the PVT test at each time-point for the 3 doses THN102 (100/1, 100/3, and 100/9), modafinil
alone (MOD100), and placebo (PBO) (A) and area under the curve between 0-9 hours and 0-20 hours post-treatment (B). Values are

mean * standard error. 100/1, 100/3, 100/9: combination of 100 mg modafinil with 1, 3 and 9 mg flecainide, respectively. PVT, psychomotor
vigilance test. * THN102 100/1 vs MOD100 (P < .05), $ THN102 100/1 vs PBO (P < .05) and # MOD100 vs PBO (P < .05). Graphs in (A) are

displaced slightly so that they are not graphically overlapping

and 100/9 only (P < .05). The variation for pick-up time in the ToL test
with THN102 100/9 was significantly different vs MOD100 and PBO.

There was a significant period effect on the number of correct
responses in the 2-Back task at baseline (on DO) and TSD (on D1;
P < .05 for all).

Safety review
No serious adverse effects were reported. All AEs were rated mild to

moderate, except 1 severe (somnolence). The most common drug-

related AEs were fatigue, somnolence, headache, nausea, abdominal

pain. No clinically relevant safety laboratory changes from baseline
were observed in relation to treatments. No modification of ECG
intervals (QTc, PR and QRS) was reported. Safety of THN102 (all
doses) was similar to MOD100 alone, notably on somnolence (66 vs
75%), fatigue (70 vs 83%), headache (23 vs 50%), nausea (14 vs 33%,;
Table 4).

4 | DISCUSSION

In this study in healthy sleep-deprived subjects, we found that

THN102, a combination of modafinil and low-dose flecainide, appears
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FIGURE 3 Number of correct responses in the 2-Back working
memory test for the 3 doses THN102 (100/1, 100/3 and 100/9),
modafinil alone (MOD100), and placebo (PBO)

* THN102 100/1, 100/3 and 100/9 vs MOD100 (P < .05), * THN102
100/1, 100/3 and 100/9 vs PBO (P < .05), ™ nonsignificant difference
with placebo

superior to modafinil on attentional performance, working memory and
executive functions. Adding flecainide low-dose boosts the wake-
promoting effects of modafinil on cognitive functions altered during
sleep deprivation, thus showing that the modulation of astroglial
connexins by flecainide can increase the activity of modafinil. This is a
first translation of this novel approach from animal studies to humans.

A cross-over design was selected to reduce sample size, as pre-
sented elsewhere in similar experimental sleep-deprivation conditions
and evaluation of new drugs.** An incomplete 3-period cross-over
design was selected to reduce the impact of a complete 5-period
cross-over trial; a 4-week washout period was considered as suffi-
cient to exclude pharmacological or pharmacokinetic carryover
effect. Modafinil 100 mg was selected for its partial ability to restore
attention during sleep deprivation,** and the treatment scheme
(01:00, 09:00 and 19:00) as previously described.** Flecainide dose
was determined using: (i) Food and Drug Administration allometric
guidelines®®; (i) nonclinical pharmacokinetic studies; and (jii) pharma-
cokinetic determination from a previous unpublished clinical trial
designed to assess THN102 safety. The flecainide doses of 1, 3 and
9 mg doses were then chosen. As flecainide had no effect when used
alone in nonclinical models,?* no flecainide-only treatment was
included in this clinical study. In a previous clinical pharmacokinetic
study and in this present study, pharmacokinetic data did not indi-
cate that there was any pharmacokinetic interaction between
modafinil and flecainide that could explain the increased activity on
vigilance and cognition simply by an increase of modafinil exposure
(data not shown).

For the treatment of tachyarrhythmia, flecainide is given at daily
doses between 100 and 300 mg. Blood sampling in the present study
demonstrated a mean maximal concentration of flecainide below
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20 ng/mL for all groups (data not shown). This exposure level is well
below exposure levels where cardiovascular AEs are expected for
flecainide, as flecainide does not trigger any significant cardiovascular
effects below 100 ng/mL or even 200 ng/mL in plasma.*”~>° The over-
all safety of THN102 was similar to modafinil; self-reported adverse
events were equivalent between both treatments.

The PVT is a widely used measure of behavioural alertness®! and
PVT speed is considered as the most sensible parameter to total sleep
deprivation.®? In subjects receiving placebo, PVT speed rapidly
decreased during sleep deprivation (40 hours of continuous wakeful-
ness) to an early morning nadir at 06:00, consistent with published lit-
erature.!>*®  During sleep deprivation (54.5 hours), a single
administration of 100 mg modafinil (MOD100) blunted the decrease
of reaction time but did not completely restore the PVT perfor-
mance.!! In our study, we showed that, in subjects receiving
MOD100, the PVT speed was significantly higher than placebo only
at 5 and 11.5 hours after the start of the treatment. In comparison,
the superiority of THN102 vs placebo is observed at 6 time points
(2.5, 5,7,11.5, 14.5 and 20 hours after the first dose) during the pro-
tocol of sleep deprivation.

We demonstrated that a combination of a low dose of flecainide
(1 mg) with modafinil improved the procognitive effect of modafinil
alone in healthy subjects during sleep deprivation. In particular, we
observed that THN102 100/1 resulted in a statistically higher PVT
speed vs MOD at 5 hours postdose 1, and during the 9 first hours of
treatment when expressed as AUC. Our results are partly consistent
with a previous study in rodents showing that flecainide enhanced
the wake-promoting and procognitive effects of modafinil.2* In this
study, the astroglial network mediated by connexins was suggested
to have an impact on neuronal pathways controlling sleep-wake and
cognitive capacities.

In our study, we demonstrated that all 3 THN102 doses signifi-
cantly improved working memory (2-Back, number of correct
responses) and part of executive process (Go errors in Go/noGo) vs
modafinil during sleep deprivation. The perseverative errors in WCST
were improved for THN102 100/1 and 100/9 only. In contrast,
MOD100 alone had no effect on working memory and executive pro-
cesses compared to placebo and could not prevent the decrease of
performance. Previous studies showed a beneficial effect of modafinil
on working memory in healthy young sleep deprived (2 nights) sub-
jects but with 200 and 400 mg doses of modafinil, with a trend
towards a dose-dependent effect.!* In healthy young non-sleep-
deprived subjects modafinil (100 and 200 mg) significantly enhances
performance on planning, accuracy and inhibition tasks, mostly with-
out dose-dependent effect.>? The executive processes assessed using
the WCST task were improved during sleep deprivation with 400 mg

of modafinilt1 1352

while no effect was observed in non-sleep-
deprived subjects with 200 mg and 400 mg.>? Go errors are typically
considered as an indicator of lack of attention, while noGo errors
responses are considered as indicators of impulsivity.3> WCST is the
classical test of executive function, i.e. test of set-shifting.3” Apart
from THN102 100/9, no effect of THN102 was observed on Tol

score, potentially linked to the fact that inhibitory capacity and


http://en.wikipedia.org/wiki/Set-shifting
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working memory appear to contribute very little to the prediction of
TolL scores.”® Finally, in our study we did not observe significant dif-
ference between the 3 doses of THN102 (1, 3 and 9 mg of flecainide)
on the primary objective psychomotor vigilance nor on working mem-
ory and executive inhibition processes, which suggests a flat dose-
response in the tested conditions. Altogether, those data indicate
the better efficacy of THN102 vs modafinil on vigilance and cognition
impairments induced by sleep deprivation.

The study has several limitations that may be linked to the relative

short wake-time (18 h) before the first administration of the tested

drugs compared to reported studies with wake times around 44-
65 hours.22135% This may explain the relatively good preservation of
functions in this sample of healthy young male subjects decreasing
the probability to detect contrasts between modafinil and THN102.
Only male participants were included in the study for feasibility rea-
sons (military environment), although sex-specific differences would
not necessarily have been expected. This study has been performed
on a limited number of subjects (for ethical, logistical and safety con-
siderations linked to a first administration in sleep deprived healthy

subjects), which could explain the lack of statistical significance
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TABLE 4 Treatment-related key adverse events (AEs)

THN102 100/1

PBO MOD100 n =12 THN102 all

n=12 n=12 doses n = 35
Somnolence 11 (92%) 9 (75%) 8 (67%) 23 (66%)
Fatigue 10 (83%) 10 (83%) 8 (67%) 24 (70%)
Abdominal pain 3 (25%) 2 (17%) 3 (25%) 6 (17%)
Headache 2 (17%) 6 (50%) 4 (33%) 8 (23%)
Nausea 2(17%) 4 (33%) 4 (33%) 5 (14%)
Dry mouth 1(8%) 0(0%) 1(8%) 3 (8%)

Values are n (%) with treatment related AEs. AEs are combination of spon-
taneous reporting and of VAS if >20/100 mm. Last column aggregates the
total symptoms observed after all doses of THN102 (100/1 mg, 100/3 mg
and 100/9 mg).

between THN102 and MOD100 at several time points, whereas AUC
values are significantly different. As usual in pharmacodynamic stud-
ies, multiple outcomes were tested without correction for multiplicity,
but the overall pattern of results indicates consistent advantages of
the combination vs modafinil alone.

The tasks used in this study represent a small sample of the range
of cognitive processes. In particular, future research should examine
the effects on other dimensions of executive functions, such as the

ability to update or rehearse,”®

in order to further explore the cogni-
tive activity of THN102, as well as the impact after chronic treatment.
A Phase Il trial in narcoleptic patients is ongoing (NCT02821715), with
evaluation of excessive daytime sleepiness as primary objective.

In conclusion, THN102 seems clinically superior to modafinil on
vigilance, working memory and executive functions in healthy sleep
deprived subjects. This result should be confirmed in a larger healthy
population and patients. The enhancement of the alertness and cogni-
tive outcomes of modafinil demonstrated here with flecainide would
open new perspectives in the treatment of symptoms associated with
hypersomnolence disorders (narcolepsy, Parkinson's disease, idio-
pathic hypersomnia etc.) such as the deficit of attention, executive
processes and memory, or to alleviate the deleterious effects of
wake-sleep rhythm disruptions during prolonged military operations
on vigilance and cognitive performance.®”®
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